Ni nanowries were fabricated by atomic force microscope nanolithography, evaporation, lift-off and annealing processes. Epitaxial NiSi 2 nanowires on a Si(100) surface along Si 110 and 100 directions were formed by the rapid thermal annealing treatment of the Ni nanowires at 400 C. The silicide nanowires along the Si 110 direction had coherent type-A Si(111) and Si(100) interfaces, while those along the Si 100 direction had a type-A Si(110) interface. Silicide nanowires were agglomerated when the Ni nanowires were annealed at high temperature (≥500 C). The mechanism of formation of a faceted nanowire was discussed based on the minimization of the total surface energy.
INTRODUCTION
Low-resistivity metal silicides have been used widely as ohmic contacts, gate electrodes and interconnects in silicon microelectronic devices. TiSi 2 is the most commonly used silicde material for interconnects. As the dimensions of the silicde decrease, the transformation temperature of the C49 phase to the low resistivity C54 phase increases. 1 Another candidate silicide, CoSi 2 , is limited by its high leakage current and high Si consumption. 2 Therefore, as the dimensions of the integrated devices continue to shrink, NiSi is the most promising materials for fabricating deep submicro and nano devices. It has low resistivity, low Si consumption and a low formation temperature. 3 In recent years, epitaxial silicide nanowires have been formed on Si substrate by self-assembled growth. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The epitaxial growth of silicide on Si substrate is a requisite property for the formation of nanowires. Thus, the only silicide nanowires with a specific phase and orientation can be obtained. For the Ni-silicide nanowires, only high resistivity NiSi 2 nanowires grown along the Si 110 direction have been fabricated by self-assembled growth. [12] [13] However, top-down fabrication, lithography, is a conventional method for manipulating the size and direction of the silicide wires. * Author to whom correspondence should be addressed.
Nanostructures can be fabricated by high-energy electron-beam or X-ray lithography, which is a complicated and expensive process. Scanning probe lithography (SPL) is a relatively low cost method and is easily implemented. Recently, atomic force microscopy (AFM) nanoscratching, one of the SPL techniques, has been used to fabricate various metal nanowires. [14] [15] [16] [17] In this work, Ni nanowires of various widths and directions on Si(100) substrates were prepared by AFM nanoscratching and silicide nanowires were formed by annealing the sample at elevated temperature. The effects of the width and orientation of Ni nanowires on the formation of the Ni silicide nanowires were studied.
EXPERIMENTAL DETAILS
N-type Si(100) substrates (P doped with a resistivity of 0.35-0.58 cm) were used in this study. These substrates were cleaned using standard processes and then dipped in a dilute HF solution. The experimental procedure is shown in Figure 1 . A 0.8 wt% poly(methylmethacrylate) (PMMA) in chlorobenzene was spin-coated on the cleaned Si substrates, Baking at the 150 C for 30 min, a 20 nm film of PMMA was prepared on the Si(100). Using a commercial AFM (Solver PRO-M model, NT-MDT) operating in the contact mode and silicon probes (Arrow NC, NanoWord, Switzerland) with a radius of curvature of less than 10 nm, the AFM nanoscratching was performed. The spring constant and the resonant frequency were 42 N/m and ∼285 kHz, respectively. Silicon probes (NCH, NanoWord, Switzerland) with a tip radius of curvature of less than 8 nm were used for imaging. Furthermore, a dryetching method was employed to remove the remainder of PMMA at the bottom of nanogrooves that were fabricated by AFM nanoscratching, and then 10 nm Ni films were deposited on the samples by e-beam evaporation. The samples was soaked in acetone in an ultrasonic bath to remove the PMMA and finally annealed in a rapid thermal annealing apparatus at 400-600 C for 30 sec in N 2 ambient.
Field emission scanning electron microscopy (FE-SEM) was performed using a JOEL JSM-6700F operating at 3 keV. For transmission electron microscopy (TEM) observation, a JOEL 2010 TEM operating at 200 keV with a point-to point resolution of 0.23 nm was used.
RESULTS AND DISCUSSION
Figures 2(a)-(d) show AFM images of nanogrooves with two widths along the Si 110 and Si 100 directions, which were fabricated by using the tips of various quality. The scratching speed and indentation force of the tip are 0.3 m/s and around 2.2 N, respectively. Chen et al. 17 indicated that the width of the nanogroove depends strongly on the tip quality and the thickness of PMMA. Since the tip is of finite size, the shape of the nanogroove could not been measured accurately. However, we can still observe that the width of the nanogroove fabricated using a worn tip is larger than that using a non-worn tip. The pile-up at both sides of nanogrooves was caused by the displacement of PMMA, as those have been observed in previous studies. [15] [16] [17] In this study, the depth of nanogrooves depended on the scratching speed and the indentation force. As the scratching speed increased, the depth of the nanogrooves decreased. Figure 3 plots the relationship between the depth of nanogrooves and the indentation force at a tip speed of 0.3 m. The force was equal to the product of the tip spring constant and the tip deflection. 18 The various values of the tip deflection were set to indent the surface with various indentation forces. When the indentation force was lower than 0.9 N, the indent was not obvious enough to explore it. With an indentation force of around 1 to 2 N, an approximately linear dependence of the depth on the indentation force was observed. When the indentation force was greater or equal to 2 N, the nanogroove depth reached to around 20 nm which is the thickness of PMMA film. Thus, the PMMA was expected to be removed completely.
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Although the metal nanowires were obtained by the deposition of the metal film and lift-off process, 17 in this study, the interface between metal nanowires and silicion substrate was not completely clean. A little PMMA or native oxide, which remained at the bottom of the nanogroove, inhibited the reaction of the metal atoms with silicon substrate. Thus, before the metal films were deposited, the samples were cleaned by Ar-ions bombardment. Figures 2(e)-(h) show the Ni nanowires along the Si 110 and Si 100 directions, which were fabricated using the nanogrooves that are shown in Figures 2(a)-(d) . Their widths are approximately 70 and 100 nm, respectively.
When 100 nm-width Ni nanowires were annealed at 400 C, silicide nanowires were formed along the Si 110 and Si 100 directions, as shown in Figures 4(a) and (d) . For convenience, the former and the latter were designated nanowire-X and nanowire-Y, respectively. The TEM cross-sectional analysis (Fig. 5) indicates that both of the silicides were NiSi 2 . The interfaces between the silicide and substrate with identical and twin orientation relationships were designated A-type and B-type interfaces, respectively. 12 13 19 In this study, the side and the bottom of nanowire-X had coherent A-type Si(111) and Si(100) interfaces, respectively. Nanowire-Y had the A-type Si(110) interface.
After sample had annealed at 500 C, square and irregularly shaped silicide nanoparticles were formed (Figs. 4(b) and (e)). The faceted edges of the square silicide nanodots were parallel to the Si 110 direction, as observed by Chen et al. 20 and Cheng et al. 21 22 The square silicide nanodots were identified as epitaxial -20) . Upon annealing at 600 C, the morphology of silicide nanoparticles was close to spherical, as shown in Figures 4(c and f) . The results show that the agglomeration of nanowires upon annealing at high temperature (≥500 C). In general, the formation of NiSi 2 by a reaction between a Ni film and a Si substrate is observed at high temperature (800 C), which is caused by the transformation of NiSi. In the ultra-thin Ni layer (<3 nm), no NiSi is observed following NiSi 2 formation. 23 In the reaction of Ni nanodots and a Si substrate, NiSi 2 can be formed at a low annealing temperature of 250 C by a direct reaction. 21 In this study, Ni nanowires reacted directly with Si substrate and were transformed to NiSi 2 nanowires by annealing at 400 C, indicating that the lack of Ni atoms during silicide formation is likely to result in the elimination of Ni-rich silicide, such as Ni 2 Si and NiSi.
To study the effects of the width of Ni nanowire on the formation of silicide, the Ni nanowires with around 70 nm wide were annealed at 400 C, as shown in Figure 6 . The nanowire along the Si 110 direction, nanowire-X , had smooth edges, while that along the Si 100 direction, nanowire Y , had stepped edges which were parallel to the Si 110 direction. The TEM cross-section analysis (Fig. 7) shows that both of the nanowires were NiSi 2 . The interfaces between the nanowire-X and substrate have the identical orientation relationships at Si(111) and Si(100) interfaces, as mentioned nanowire-X. However, the edges of nanowire-Y could not observed clearly. The SEM images of Figure 6 (b) shows that the resulting silicide was more extensive than the as-deposited Ni nanowre, because of lateral growth.
An individual nanosturcture tends to reduce the total surface energy by change of its shape. The total surface energy can be reduced in two ways. One is the reduction of the overall surface area. The other is the formation of the surface with low surface energy. 24 It explains the formation of crystalline nanoparticles on the substrate with faceted interfaces. In this study, NiSi 2 interfaces with low Miller indices, {111}, {110} and {100}, have a lower interface energy than those with high Miller indices. Thus, the silicide nanowire along the Si 110 direction has (111) and (100) interfaces, and that along the 100 direction has a (110) interface, as mentioned nanowires X, X and Y. However, when the nanowire began to growth laterally, a stepped NiSi 2 nanowire was formed, as mentioned nanowire Y .
CONCLUSIONS
Ni nanowries were fabricated by AFM nanoscratching, evaporation and lift-off processes. Epitaxial NiSi 2 nanowires on Si(100) surface along the Si 110 and Si 100 directions were formed by the rapid thermal annealing of Ni nanowires at 400 C. A nanowire with smooth edge was obtained when Ni atoms reacted directly with Si atoms beneath the as-deposited Ni nanowires, as mentioned nanowires X, Y and X . The nanowires along the Si 110 direction had coherent type-A Si(111) and Si(100) interfaces, while that along the Si 100 direction had a A-type Si(110) interface. A stepped NiSi 2 nanowire was obtained when the nanowire began to growth laterally. Nanowires agglomerated upon annealing at high temperature (≥500 C). 
Delivered by

